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Abstract

Alpha A-crystallin is a molecular chaperone; ity@ets aggregation of denaturing proteins. We
have previously demonstrated that upon modificabipia metabolia-dicarbonyl compound,
methylglyoxal (MGO)A-crystallin becomes a better chaperone. Alphaystallin also assists
in refolding of denatured proteins. Here, we hamestigated the effect of mild modification of
aA-crystallin by MGO (with 20-500 uM) on the chapeeofunction and its ability to refold
denatured proteins. Under the conditions usedilynhodified protein contained mostly
hydroimidazolone modifications. The modified pratexhibited an increase in chaperone
function against thermal aggregationBpf andy-crystallins, citrate synthase (CS), malate
dehydrogenase (MDH) and lactate dehydrogenase (l&DH)hemical aggregation of insulin.
The ability of the protein to assist in refoldinigaemically denaturefl - andy-crystallins,

MDH and LDH, and to prevent thermal inactivationG$ were unchanged after mild
modification by MGO. Prior binding of catalyticaligactive, thermally denatured MDH or the
hydrophobic probe, 2-p-toluidonaphthalene-6-sulterf@NS) abolished the ability ofA-
crystallin to assist in the refolding of denatuMBH. However, MGO-modification of
chaperone-null TNS-bountA-crystallin resulted in partial regain of the clkapne function.
Taken together, these results demonstrate thagdipimidazolone modifications are sufficient
to enhance the chaperone functiomAtcrystallin but such modifications do not charige
ability to assist in refolding of denatured protif) the sites on thgA-crystallin responsible

for the chaperone function and refolding are thmesan the nativelA-crystallin and 3)
additional hydrophobic sites exposed upon MGO nicatibn, which are responsible for the

enhanced chaperone function, do not enhaAcerystallin’s ability to refold denatured proteins



1. Introduction

The mammalian eye lens is a vital organ respons$iblthe transmission of light for proper
vision. Crystallins are the dominant structuraltpios within the lens, comprising up to 90 % of
total proteins. Crystallins are of three types:p- andy-crystallin, which interact amongst
themselves to maintain transparency [1]. Alphateiia is a major protein in the lens,
constituting 40 % of total proteins. It consistdwb subunitspA- andaB-crystallin, which exist

in a molar ratio of 3:1 and form polydisperse ofiggrs of ~ 40 subunits with an average
molecular mass of ~800 kDa [2]. Alpha-crystallindreys to the sHsp (small heat shock protein)
family, whose structural and functional charactertsare conserved from bacteria to humans [3,
4]. Unlike the classical chaperones, sHsp preventggregation and precipitation of a variety of

unrelated proteins [5].

Like other members of the sHsp familycrystallin functions as a molecular chaperone. It
prevents aggregation of partially denatured pratgdf The oligomeric state of the protein
appears to be necessary for this function, buttfyithesis is controversial [7, 8]. Support for
this role has come from many studies in which ¢tlgoteins are subjected to denaturing by high
temperature or chemicals, in the presence or abs#ecrystallin. It is now apparent that all
three domains ai-crystallin, the N-terminus, the crystallin domaind the C-terminus, are
important for the chaperone function [5]. Hydroplwobatches within these domains appear to
bind to client proteins during the chaperone furctHowever, short peptides of 10-20 amino
acids derived from the native protein could alsucfion as chaperones [9], implying that the

whole protein may not be necessary for the chapgehamction.



Much support for a role fat-crystallin’s chaperone function in the lens hasedrom
genetically modified animals and from studies omhuo hereditary cataracts. Targeted
disruption ofaA- or aB-crystallin, or both together, resulted in serideselopmental defects or
cataract formation in mice [10, 11]. Several pomitations inu-crystallin that have been
identified as responsible for human cataracts cailker total or partial loss of chaperone
function [12-14]. Furthermore, overexpression otamtiforms of humanA-crystallin that have
diminished chaperone function leads to catarachdtion in mice [14, 15]. These observations
strongly suggest that the chaperone function-ofystallin is necessary for the lens to remain

transparent throughout life.

However, like other proteing;crystallin also undergoes post-translational modifon in the

lens, such as, oxidation, truncation and glycafidh 17]. Such modifications tend to accumulate
in the lens because of its negligible protein tuaro These modifications, in general, have
negative consequences on chaperone function. Hoyave type of modification appears to
have a beneficial effect on chaperone functioniafy the reaction of a metabolic dicarbonyl

compound, methylglyoxal (MGO).

MGO is produced non-enzymatically from sugar fragtaBon reactions and decomposition of
triose phosphate intermediates during glycolysig, @so during catabolism of threonine and
acetone [18]. MGO reacts with arginine and lysigdues on crystallins to produce stable
adducts on them. Several such adducts are prestr@ human lens. They are
carboxyethyllysine (CEL) [19], methylglyoxal lysimgmer (MOLD)[20], methylglyoxal-
derived imidazoline crosslink (MODIC) [21], hydroidazolones [22] and argpyrimidine [23].

While MOLD is a lysine-lysine cross linking struogy MODIC is a lysine-arginine crosslinking
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structure. CEL is a lysine modification and hydrimlazolones and argpyrimidine are arginine
modifications (Fig.1). Studies have shown that ssvef these products accumulate in aging

lens proteins [19-22].

We and others have previously shown that MGO-meatiion ofaA-crystallin enhances its
chaperone function [24, 25]. We then showed thati the modification of specific arginine
residues to argpyrimidine that led to enhanced efuaye function [25]. Replacement of two of
such arginine residues with alanine by site-dirdct@itagenesis also led to enhanced chaperone
function [26]. In addition, conversion of lysine aoginine-like structures followed by MGO
modification led to enhanced chaperone functiowels[27]. Previous reports showed that mild
modification with MGO (50QuM) leads to mostly hydroimidazolone modificationsproteins

[28, 29]. Thus, it was possible that the enhanegraechaperone function in MGO-modified

aA-crystallin occurred from hydroimidazolne modifians, in addition to argpyrimidine.

Alpha-crystallin performs another potentially sigrant function: it assists in refolding
denatured proteins [30, 31]. In this study we hiavestigated the relationship between
hydroimidazolone modifications and the chaperometion, and assessed the impact of such

modifications on the protein refolding ability of®O-modifiedaA-crystallin.

2. Materialsand Methods

2.1.Chemicals

Dithiothreitol (DTT), guanidine hydrochloride(GdHCIbovine serum albumin, bovine insulin,
malate dehydrogenase (MDH), lactate dehydrogenddd)( citrate synthase (CS), oxaloacetic

acid, acetyl CoA, ethylene diamine tetraacetic acsodium salt dihydrate (EDTA), 5,5'-
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Dithiobis 2-nitro-benzoic acid (DTNB), methylglyox@GO), iodoacetamide (IAA), and
chymotrypsin were obtained from Sigma Chemical Ga.louis, MO. 2-(p-
toluidinyl)naphthalene-6-sulfonate (TNS) was obegifirom Molecular Probes (Invitrogen,
Carlsbad, CA). Centrifugal filters (100 kDa cutoffgre obtained from Millipore (Bedford,
MA). All other chemicals were analytical grade. KG®vas purified by low pressure distillation

[25].

2.2. Protein purification

Human recombinantA-crystallin was purified as reported in our prexsgaper [26]. Human
lenses (from a 19 year donor) were homogenizeddim® of 50 mM sodium phosphate buffer,
pH 7.4 containing 100 mM NaCl, 1 mM EDTA and 0@ PMSF and centrifuged at 10,060
at 4° C for 30 min. The soluble proteins in theesnptant were fractionated on a Sephacryl S-
300 gel filtration column (1.X 100 cm) at 4° C. The fractions correspondinf tcandy-

crystallins were pooled and dialyzed against watet lyophilized.

2.3. Madification of aA-crystallinby MGO

AlphaA-crystallin (5 mg/ml) in 0.1 M phosphate berfipH 7.4 was incubated with purified

MGO (20, 50, 100 and 500 uM) at°87in the dark under sterile conditions for 2 dayfser 2
days, unbound MGO was removed by dialysis agaidsh®l phosphate buffer (pH 7.4) and
protein concentration was determined by the Bratlémsay (Bio-Rad, Hercules, CA) using BSA
as the standard. Since these incubations used lmeh concentrations of MGO and shorter

incubation period than the previous studies [24,32, the modified proteins in the present



study are henceforth referred to as ‘mildly modifi\-crystallin’. AlphaA-crystallin incubated

in the absence of MGO served as the control.
2.4. HPLC Assay for argpyrimidine

Mildly modified aA-crystallin was mixed with 6 N HCI and incubatext .6 h at 110C. The
acid was evaporated in a Savant SpeedVac systethamesidue was suspended in 250 pl of
water filtered through a 0.45 pum centrifugal filt&tiquots of all samples were separated by
HPLC to measure argpyrimidine. The HPLC conditia@se set up according to Wilker et

al.[23].

25.  ldentification of hydroimidazolone in mildly modified a-crystallin

AlphaA-crystallin modified with 0, 20, 50, 100, 500 pM MGO was subjected to SDS-PAGE
under denaturing condition on a 12% gel. The Cogiaagained protein band corresponding to
aA-crystallin was excised from the gel and digegigdrypsin and subjected to mass
spectrometry as described previously [27]. Brigfisgtein bands are cut from the gel, minced
and subjected to in-gel digestion with trypsin. A of proteolytic peptide was performed
using a LTQ OrbiTrap XL linear ion trap mass spacteter (Thermo Fisher Scientific,
Walthaw, MA) coupled with an Ultimate 3000 HPLC ®m (Dionex, Sunnyvale, CA). The
spectra were acquired by data-dependent methodsistiog of a full scan and MS/MS on the
five most abundant precursor ions at the collignargy of 30%. The obtained data were
submitted for a database search using Mascot (Matience, Boston, MA) by setting

hydroimidazolone and argpyrimidine modificationsarginine.



2.6.  Purification of N’-(5-Methyl-4-oxo-5-hydr oimidazolone-2-yl)-L-or nithine

(MGH1): MGH1 was isolated from the incubation mixture o5& (220 pL, 1.4 mmol) and L-
arginine (213 mg, 1.2 mmol) in 10 mL phosphate éuf0.2 M, pH 7.4). The reaction mixture
was incubated for 4.5 hr at 40 °C. Subsequentéypth was adjusted to 4.0 with 1 N HCI. A
sample (8 mL) of the solution was adjusted to pHvtith 1 N HCI and subjected to ion
exchange chromatography on a Do&0Wx4 4-400 column (2.5 cm i.d. x 22 cri'-férm).
Before being conditioned with pyridinium formateZ, pH 5.0), the column was washed with
1 M NaOH, 1 M HCI, and water. Fractions were cdkelcand analyzed by thin-layer
chromatography (TLC). TLC was performed on silieh@0 ks, plates (Merck) using n-
butanol/HO/HOACc/pyridine 4:2:3:3 as the mobile phase. Vigadlon of separated material
was achieved with ninhydrin. Fractions with matenavingR: = 0.48 were pooled and

subjected to preparative HPLC as follows.

A Besta HD 2-200 pump (Wilhelmsfeld, Germany) watisynkotek fluorescence detector RF-
530 and a SERVOGOR 220 pen recorder was used. @twgraphic separations were
performed on a stainless steel column (VYDAC 2181221 250 x 25 mm, RP18, 10 um) using
a flow rate of 15 mL/min. The mobile phase used water (solvent A) and MeOH/water (7:3
vlv; solvent B). To both solvents A and B, 1.2 mlbéptafluorobutyric acid (HFBA) was added.
Samples were injected at 5% B and run isocraticBlgctions with material eluting =62 min
having a R= 0.48 on TLC were collected, combined, and fredrzed to yield a colorless
amorphic residue (49.22 mg, 11.6 %, MGH1 x 2 HFBH)e chemical structure of the product

was confirmed as MGH1 byH-, 2*C-NMR and high resolution mass spectrometry, whiels
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fully compatible with previously published data [3Bccurate mass (mean of three
measurements + standard deviation) was determm&a229.1314 + 0.0007 [M + H]

(229.1312, calcd for §H17/N4O3).

2.7.  Quantification of hydroimidazolone in mildly modified a-crystallin by liquid
chromatography and mass spectrometry

MGO-modified proteins (1.2 mg in each case) wewyeratically hydrolyzed as previously
described [34] and analyzed by LC/MS. The HPLC agjpa (Jasco, Grol3-Umstadt, Germany)
consisted of a pump (PU-2080 Plus) with degass8rZ080-02) and quaternary gradient mixer
(LG-2080-04), a column oven (Jasco Jetstream H)aanAutosampler (AS-2057 Plus).
Chromatographic separations were performed onirdesa steel column packed with RP-18
material (VYDAC CRT, no. 218TP54, 250 x 4.0 mm, B& 5um, Hesperia, CA) using a flow
rate of 1.0 mL/min. The mobile phase used was watdvent A) and MeOH/water (7:3 (v/v),
solvent B). To both solvents (A and B), 1.2 mL/lptefluorobutyric acid (HFBA) was added.
Analysis was performed at 25 °C column temperatisieg isocratic elution at 95% A/ 5% B.
Mass spectrometric detection was conducted on a4880 Q Trap LC/MS/MS system (Applied
Biosystems/ MDS Sciex, Concord, ON, Canada) equipyth a turbo ionspray source using
electrospray ionisation in positive mode: sprayggildary voltage 4.0 kV, nebulizing gas flow
50 ml/min, heating gas 60 ml/min at 550°C and c¢argas 40 ml/min. The multiple reaction
monitoring (MRM) mode was used, utilizing collisiomduced dissociation (CID) of the
protonated molecules with compound specific orifiogentials and fragment specific collision

energies. MGH1nyz 229.2 - 70.1, 114.1, 116.1) was detected #&86.5 min. Quantification



was performed using the standard addition methowyuke authentic reference compound of

MGH1, which was synthesized as above.

2.8.  UV-circular dichroism spectrometry

The conformational changes @h-crystallin (unmodified and mildly modified) weabserved

by recording far-UV and near-UV CD spectra al@# a Jasco 810 spectropolarimeter (Jasco,
Inc., Japan).The far-UV spectra were recorded batvi®5-250 nm in a 1 mm path length CD
quartz cell, at a scan speed of 20 nm/min. Theeaatnation of protein was 0.2 mg/ml in 10 mM
sodium phosphate buffer pH 7.4. The near-UV CD reasrded between 250-350 nm in a 10
mm path length CD quartz cell, at a scan speed oin2min. The protein concentration was 1

mg/ml in the same phosphate buffer.
2.9. TNSfluorescence

The surface hydrophobicity of native and MGO-maaifiA-crystallin was studied with TNS, a
hydrophobic probexA-Crystallin (0.1 mg/ml) in 50 mM phosphate buffpH 7.4) was

incubated with 100 uM TNS for 2 h at%®5 Fluorescence emission spectra were recorded
between 350 and 520 nm using an excitation wavétesfg3B20 nm. The excitation and emission

slit widths were each 5 nm.
2.10. Analysisof chaperone function of mildly modified a-crystallin

The chaperone function of MGO-modified amamodifiedaA-crystallin was evaluated using
six client proteins: humafd_-crystallin, humary-crystallin, malate dehydrogenase (MDH)

lactate dehydrogenase (LDH), CS and insulin. CSimsulin chaperone assays were performed
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in 96-microwell plates using a micro plate readpdctraMax, Model 190; Molecular Devices,
Sunnyvale, CA). The total reaction volume was 2bOHumanp,_-crystallin, humary-

crystallin, MDH and LDH chaperone assays were peréal in a DU 800 spectrophotometer,
using quartz cuvettes with 1 cm pathlengths. Thed teaction volume was 500 pl. The

following assays were performed to evaluate chapefonction:

BL-crystallin aggregation assd.-Crystallin (0.25 mg/ml) was incubated with natareMGO-
modified aA-crystallin (0.00625 mg/ml) at 6@ in 50 mM phosphate buffer pH 7.4 and light
scattering was monitored at 360 nm in the kinetotleif, -Crystallin withoutaA-crystallin

served as control.

y-crystallin aggregation assayCrystallin (0.125 mg/ml) was incubated with natoreMGO-
modified aA-crystallin (0.00625 mg/ml) at 86 in 50 mM phosphate buffer pH 7.4 and light
scattering was monitored at 360 nm in the kinetdlaxy-Crystallin withoutaA-crystallin

served as control.

CS aggregation assay. Citrate synthase (CS) whgzdd against 40 mM HEPES buffer, pH 7.4
for 24 hr. CS (0.06 mg/ml) in 40 mM HEPES buffdd p.4) was incubated with native and
MGO modifiedaA-crystallin (0.004 mg/ml) at £& and light scattering was monitored at 360

nm [35]. CS withoutiA-crystallin served as control.

MDH aggregation assay. MDH was dialyzed againstMQrhosphate buffer (pH 7.4) for 24 hr.
MDH (0.25 mg/ml) and incubated with native and ryilchodified aA-crystallin (0.25 mg/ml) in
50 mM phosphate buffer (pH 7.4) at°80and light scattering was monitored at 360 nm] [36

MDH incubated in the absenceai-crystallin served as the control.
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LDH aggregation assay. LDH was dialyzed againsn®0phosphate buffer (pH 6.7) for 24 hr.
LDH (0.25 mg/ml) was incubated with native and ryilchodified aA-crystallin (0.0125 mg/ml)
in 50 mM phosphate buffer (pH 6.7) at’60and light scattering was monitored at 360 nnhén t

kinetic mode. LDH incubated in the absencefcrystallin served as the control.

Insulin aggregation assay. Insulin (0.32 mg/mib@mM phosphate buffer (pH 7.2) was
incubated at 2% with native and MGO maodifiedA-crystallin (0.064 mg/ml). Insulin without
aA-crystallin served as control. Insulin aggregatwas initiated by adding freshly prepared
DTT to a final concentration of 20 mM, and lighagtering at 400 nm was monitored for 1 hr in

the kinetic mode [37].
2.11. Preparation of aA-crystallin-MDH and aA-crystallin-TNS complexes

MDH (1 mg/ml) was incubated with 500 uM of iodoaeide in 50 mM phosphate buffer (pH
7.4) for 1 hr, in the absence of light, at roompenature. Excess iodoacetamide was removed
by dialysis for 24 hr at€ against 50 mM phosphate buffer (pH 7.4). MDH\aigtiwas
measured as described previously [26], and wagiftaibe completely abolished by
iodoacetamide treatment. The catalytically inacMIi2H (1 mg/ml) was incubated witdA-
crystallin (2 mg/ml) at 5@ for 1 hr in 50 mM sodium phosphate buffer, pH. THe complex
was centrifuged at 10,0@pfor 30 min at 4C. The clear supernatant was loaded on to Sephacryl
S-300 gel filtration column and eluted with 50 miMogphate buffer (pH 7.4) containing 100
mM NaCl. TheaA-crystallin-MDH complex was collected, pooled aswhcentrated using a
10K Centricon filter (Millipore, Billerica, MA). Tk concentration afA-crystallin in the

complex was determined by an ELISA using an aAterystallin monoclonal antibody (see

below).
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AlphaA-crystallin (5 mg/ml) was incubated with 2 TNS in 50 mM phosphate buffer (pH
7.4) for 2 hr at room temperature. The complex @densively dialyzed (48 hrs) against 0.1 M
phosphate buffer (pH 7.4) to remove excess TN aPacrystallin-TNS complex (5 mg/ml)
was incubated with or without 500 uM MGO for 2 day®.1 M phosphate buffer (pH 7.4)
under sterile conditions, in the dark. Excess MG&3 vemoved by dialysis against 50 mM
phosphate buffer (pH 7.4). The concentrationAfcrystallin in theaA-crystallin-TNS and
MGO-modifiedaA-crystallin-TNS complexes was determined by thadBord assay, using BSA

as the standard.

2.12. ELISAfor aA-crystallin

Microplate wells were coated overnight with 0.1@%5, 0.5, 1 or 2g of human recombinant
aA-crystallin per well in 50 mM carbonate buffer (5), in triplicate. The wells were then
washed three times with PBS-T and incubated withl®0 rabbit antieac A/aB-crystallin
polyclonal antibody (1:500) (Assay Designs, Ann émMl) for 1 hr at 37 °C. Following this
step, the wells were washed three times with PB&adl,incubated for 1 hr at 37 °C with pD

of goat anti-rabbit antibody (Sigma Aldrich, St.uis, MO) diluted in PBS-T (1:5000). After the
wells were washed with PBS-T, they were incubated ®00ul of 3, 3, 5, B-
tetramethylbenzidine substrate (Sigma). The enagaetion was stopped by the addition of 50
uL of 2N H,SQO,, and the absorbance was measured at 450 nm inexDYRX 5000 Microplate
Reader. A standard curve feA-crystallin was generated from the values obtaiinech
recombinantiA-crystallin and from this the concentrationod-crystallin in theaA-crystallin-

MDH complex was determined.

2.13. Thermal inactivation of citrate synthase in the presence of aA-crystallin
13



Citrate synthase was dialyzed overnight againsh¥DHEPES buffer (pH 7.4). CS (15 pM) was
diluted 100-fold in 40 mM HEPES buffer pH 7.4 (fin@lume 300 pl), in the presence or
absence of 30 pMA-crystallin. The inactivation reaction was start®dplacing the mixture in a
water bath set at 43. At regular time intervals, aliquots were withadraand stored on ice. The
residual CS activity was measured according t@tbeedure of Zhi et al [38]. Briefly, the
reaction mixture consisted of 50 mM Tris-HCI buffg 8.0 containing 2 mM EDTA, 100 uM
oxaloacetic acid, 100 uM DTNB and 150 uM of ac€glA. The activity assay was performed
at 25C and the increase in absorbance at 412 nm waslegtcCS (15 uM) diluted 100-fold

into 40 mM HEPES buffer (pH 7.4) and kept on iceved as the control.
2.14. Proteinrefolding assay

The ability ofaA-crystallin to assist in the refolding of denattifgoteins was measured, using

humanf,-crystallin, humary-crystallin, MDH and LDH as client proteins.

The unfolding and rapid refolding of crystallinsss@one according to previously published
procedure [39]p.- andy-crystallins (30Qug each) were denatured in 20mM sodium phosphate
buffer (pH 7.4) containing 8M urea in the preseat60pug of native or MGO-modifiedA-
crystallin for 5 hr at room temperature. Rapid ldifay was done by diluting 5@ of incubated
samples with 95@I of 10 mM phosphate buffer (pH 7.4) containing 100 NaCl. The mixture
was incubated for 1 hr at room temperature andditybwas measured at 360 nm in a Beckman
DU-600 spectrophotometer. The percentage recovgiyandy-crystallins was calculated

according to previously published procedure [39].
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MDH (1 pM) was denatured in 6M GdHCI for 8 hr aP@5Refolding was initiated by diluting
the denatured MDH 100-fold in a refolding buffeH(j.5) containing 50 mM phosphate, 10
mM magnesium acetate, and 5 mM DTT, with or with@@ifuMoA-crystallin (native and

mildly modified), aA-crystallin-MDH complexaA-crystallin-TNS complex and MGO-modified
aA-crystallin-TNS complex. The enzyme concentraticas 10 nM during refolding. The

activity of refolded enzyme was assayed by addihg [2of refolding mixture at various time
intervals to 480 pul of a refolding buffer that caimied 0.1 mM NADH and 0.4 mM oxaloacetate.
The decrease in absorbance at 340 nm with timeecasded. MDH (1 uM) kept on ice served

as the control.

LDH (1 uM) was denatured in 6M GdHCI for 8 hr aP@5Refolding was performed as
described for the MDH assay, with the exception théd mM of sodium pyruvate was used as
the substrate and the assay was performed’a@t 3he concentration efA-crystallin (native
and MGO-modified) was 30 uM. LDH (1 uM) kept on served as control. Similar refolding
assays were performed with BSA (3®1) in the place obiA-crystallin to rule out non-specific

protein effects.
3. Resultsand Discussion

In our previous study, we showed that MGO modifaabf aA-crystallin enhances its
chaperone function [25]. In that study we used ltghcentrations of MGO (up to 5 mM).
Another study that reported improvement in the enape function also used similar high
concentrations of MGO [24]. The aim of this studgsto determine whether the improvement
in chaperone occurred at low concentrations of MEB@ to identify MGO-modifications

responsible for such a change. Another aim wagterchine if modification by low
15



concentrations of MGO would adversely affaét-crystallin’s ability to refold denatured

proteins, as previously reported with high concigns of MGO [24].

3.1. Hydroimidazolones are the major modifications of MGO in aA-crystallin

LC/MS-MS spectrometry was used to detect and ifyesites where MGO had modifietA-
crystallin. As shown in Table 1, at 20 uM MGO oditlee 13 arginine residues af-crystallin,

4 were already modified to hydroimidazolone (R185RR157 and R163). Hydroimidazolone
modification occurred on other arginine residuethasconcentration of MGO increased. With
500 uM MGO, we observed hydroimidazolone modifmaton 11 arginine residues.
Argpyrimidine was not detected (by HPLC) in anytled samples (data not shown). The
formation of hydroimidazolone at low concentratiafisVGO has been observed as the
predominant modification in other proteins as 24, 40]. We previously reported that
modification of R21 and R103 to argpyrimidinedA-crystallin made it a better chaperone [25].
In that study, we used high concentrations of M@@bdify aA-crystallin that resulted in
argpyrimidine formation on selected arginine resgluMoreover, in that study we did not
investigate hydroimidazolone modifications. In gresent study, although R103 was modified
to hydroimidazolone, R21 was not. These observatsmggest that the chemical nature of MGO
modification and the sites of arginine modificataepend on MGO concentration; at low
concentrations hydroimidazolone is the major medifon and at high concentrations it is both

hydroimidazolone and argpyrimidine.

The MGO concentration in the human lens has bgaorted to be 1-2M [18, 41]. In lens
proteins hydroimidazolone is one of the major cloainmodifications, concentrations as high as

22 nmoles/mg have been reported [22]. Sinkerystallin is one of the major proteins of the
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lens, it is likely that hydroimidazolone formationcurs in this protein and enhances its
chaperone function. MGH1 is the major isomer anmibieghree isomers of hydroimidazolone. In
the human lens, the reported MGH1 concentratiom2&4 nmoles/mg protein [22]. We
guantified this product in MGO-modifiemlA-crystallin and found that MGH1 concentration
increased with increasing concentrations of MG(h(&a2). The concentrations with 20, 50 and
100uM MGO were 1-8 nmoles/mg protein, and were witl@parted values in the human lens
[22]. Thus, we believe that the enhancement irchi@erone function afA-crystallin we have

observed in this study with MGO concentrationsaig@OuM could occur in vivo.

3.2.  Sructural changesin mildly modified a-crystallin

Far UV-CD spectra showed no changes in the secgstiaicture otrA-crystallin after MGO
modification (supplemental Fig.S1); thbemodified and MGO-modified proteins showed similar
amounts ofi-helix, B-sheet and random cdi-6%, ~39% and ~54%, respectively). The near-UV
CD spectrum showed minor alterations in the tertsructure in MGO-modified proteins. The
signal intensity for Phe in the 250-270 nm regiaswnaffected at up to a 50 uM concentration
of MGO. However, the intensity was slightly decesh# protein modified with 100 uM or 500
MM MGO relative to unmodifiedA-crystallin. There were also minor differenceshe

intensity and position of peaks beyond 270 nm @na Trp) for the mildly modified-crystallin
relative to the unmodified protein. These data ssgthat while the secondary structure is

unaffected, the tertiary structure is slightly edtg by mild modification with MGO.

Changes in tertiary structure could potentially@seadditional hydrophobic sites on the
protein. TNS is a hydrophobic ligand (with a lowdtescence quantum yield in water) which

binds to hydrophobic sites on protein moleculesdBig of TNS to hydrophobic sites
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dramatically increases its quantum yield [42]. Tieiagent has been widely used for probing the
surface hydrophobicity of proteins, includingerystallin [43, 44]. It is evident from the resalt

in Fig. 2 that mild modification by MGO causes anrease in the surface hydrophobicityéf
crystallin. This increase is dependent on MGO cotraéion. The surface hydrophobicity

increased by 4% and 30% with 20 and 500 uM MG(eetsvely.

3.3.  Chaperone function of mildly modified a-crystallin

To determine if the increase in surface hydrophobiesulted in improvement in the chaperone
function ofaA-crystallin, we assessed the chaperone functiorgusx client protein§, -
crystallin,y-crystallin, MDH, LDH, CS and insulin. Figure 3A®hs the profile of aggregation
of B_-crystallin in the presence aA-crystallin. At a 1:40 (w/w) ratio ofA-crystallin tof3-
crystallin, we observed nearly 50% protection wittmodifiedaA-crystallin. However, this
protection increased to ~64 and ~83% with 100 &1 MGO-modifiedaA-crystallin. At a
1:20 ratio ofaA-crystallin toy-crystallin, we observed nearly 43% protection agaihermal
aggregation of-crystallin (Fig. 3B) and it improved to 57%, 8486 and 95% with 20, 50, 100

and 50uM MGO-modifiedoA-crystallin, respectively.

Using MDH as the client protein, at a ratio of redr1 (w/w) we observed an enhancement in
chaperone function at MGO concentrations >100 uid. 8C). About a 6% improvement in
chaperone function was seen wii-crystallin modified with 100 uM MGO and this ireased
to about 34% witlwA-crystallin modified with 500 uM MGO, in comparisdo unmodifiechA-
crystallin. With LDH as the client protein, atiA-crystallin:LDH ratio of 1:20, a ~30%

enhancement of chaperone function was apparenti@@ concentration of 100 uM (Fig. 3D).
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This increased to nearly 45% with 500 pM MGO maealfprotein in comparison to unmodified
aA-crystallin. Such improvement in the chaperone function witldipimodified aA-crystallin
was also seen when insulin and citrate synthase wsad as client proteins (Supplemental Fig.

S2).

Together, these data suggest that mild modificaioMGO is sufficient to increase the
chaperone function, although the increase in tla@eftone function is not uniform across client
proteins. There was no linear relationship betwlerextent of hydroimidazolone modification
and the improvement in the chaperone function. é&péanation could be that since alphaA-
crystallin exists as a poydisperse oligomer witBO4subunits that can exchange subunits
between oligomers, it could contribute to the lathk liner relationship. Moreover, the lack of a
crystal structure foaA-crystallin makes it difficult to predict how hyoimidazolone

modification brings about changes in the chapefonetion. Further work with crystallizable

SsHsps (such as, Hsp16.9) might shed light on this.

The data also suggest that mild modification by MiGfeases the surface hydrophobicity of
aA-crystallin, and that may have resulted in an eckaent of chaperone function. However, it
should be pointed out that change in surface hywbiity does not always correlate with
change in chaperone function. Studies have shoatrttibre is no strict correlation between
surface hydrophobicity and chaperone functioa-grystallin [45]. Furthermore, modification of
a-crystallin with high concentrations of MGO (1-10Mpresults in a dramatic decrease in
surface hydrophobicity, while the chaperone funcisstill elevated compared to the

unmodified protein [25].

3.4. Effect of mild modification by MGO on the protein refolding ability of aA-crystallin
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Although it is now well established that MGO modgiion enhances the chaperone function of
aA-crystallin, it is not known whether it would rdsin the enhancement of its ability to refold
denatured proteins. This was assessed using twarhlens proteing, -Crystallin andy-
crystallin in the presence of unmodified or MGO-nfied aA-crystallin were denatured by
incubating in 8M urea. Rapid refolding was donedbiyting the denatured proteins in the
refolding buffer. It has been shown that refoldaidp, -crystallin andy-crystallin is very efficient
whenaA-crystallin is present during the denaturation][3%\-Crystallin was able to refolf, -
crystallin, as 77% dB,_-crystallin was recovered in the soluble form (F§.). MGO (20-100
p1M) modification did not change this property, aliigh at 500 uM MGO, there was a slight
increase in the recovery (additional 8%). SimylaglA-crystallin was also able to efficiently
refold y-crystallin with a recovery of 73% in the solubterh (Fig. 4B). The refolding ability of
MGO-modifiedaA-crystallin was similar to unmodified protein, et in 500 UM MGO-

modified protein, where a ~7 % increase was observe

Alpha-crystallin has been shown to prevent thenimadtivation of several enzymes [46-48]. We
tested if this property is affected by MGO modifioa using CS as the client protein. CS loses
its activity when incubated at 43. aA-Crystallin has the ability to protect CS from tivel
inactivation [49]. MGO modifiedA-crystallin, which has the ability to increase fation of

CS during thermal aggregation (Fig. 2S) and higleface hydrophobicity (Fig. 2), failed to
enhance thermal inactivation of CS, and actedfashion similar to unmodifiedA-crystallin,
even when modified with 500 uM MGO (Fig. 5A). Theksta imply that hydrophobic sites that
are exposed as a result of MGO-modification neiff@ticipate in nor cause a decrease in

inhibition of aA-crystallin-mediated thermal inactivation of CS.
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Alpha-crystallin helps in than vitro refolding of many enzymes [50, 51]. To determingGO-
modification would alter the ability afA-crystallin protect to assist in the refoldingdgnatured
enzymes, we used denatured LDH and MDH and asshgddvel of reactivation as measure of

their refolding to their native states.

LDH and MDH were inactivated (denatured) by treginem with GdHCI. Refolding to the
native state was accomplished by diluting GdHChwaitiffer, in the presence or absence of
unmodified or MGO-modifiedA-crystallin. In the absence afA-crystallin, both MDH and

LDH regained approximately 30% and 20% of the lefelctivity they have in the native state,
respectively (Fig 5B and 5C). In the presence ohodified and MGO-modifiedA-crystallin,

both MDH and LDH regained approximately 60% of ldneel of activity they have in the native
state. These results suggest that mild modificdipMGO has no affect on the protein refolding
ability of aA-crystallin. To determine if the effects oA-crystallin on refolding of proteins is
specific, we used BSA (30M) in the place ofiA-crystallin in the refolding assays. BSA did

not show any effect in either MDH or LDH refoldiagsay (Fig. 5B and C). This suggests that

the improvement of the chaperone functiomafcrystallin by MGO-modification is specific.

The above observations are in contrast to a prelyiquublished report [32], where it was found
that MGO-modification diminishes-crystallin’s ability to refold (activate) denatarenzymes.
In that studygp-crystallin was modified with high concentratiorfa@GO (10 mM). At such high
concentrationsy-crystallin is likely to beextensively crosslinked and therefore might lose it

ability to refold proteins that have been denaturgdheat or chaotropic agents.

Further, we determined whether binding of catafjticinactivate MDH reduces the refolding

potential ofaA-crystallin. This experiment was conducted to tete binding sites responsible
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for chaperone function are the same as those #natipate in refolding of denatured proteins.
First, we purified the/A-crystallin-MDH complex (generated by incubatiag-crystallin with
MDH at 50C) by gel filtration (Fig. 6A) and confirmed thétet purified protein had bothA-
crystallin and MDH by SDS-PAGE (Fig. 6B). We thestefminecxA-crystallin content in the
complex by an ELISA and used B oA-crystallin from both free andA-crystallin-MDH
complex in the MDH refolding assay. Tha-crystallin-MDH complex did not show chaperone
function in the MDH assay (data not shown) and flestability to refold denatured MDH (Fig.
6C). These data demonstrate that the sites reippmfar the chaperone and refolding functions

are the same, as thA-crystallin-MDH complex completely lost its refoidy ability.

Our data show that mild modification by MGO expoadditional hydrophobic sites irA-
crystallin, and that MGO modifiedA-crystallin exhibits a refolding ability similaotthat of
unmodifiedaA-crystallin. To determine if MGO-exposed hydroplwosites participate in the
chaperone function and refolding of proteins, wstfjenerated @A-crystallin-TNS complex by
incubatingaA-crystallin with TNS and dialyzing this complexagst 0.1 M sodium phosphate
buffer (pH 7.4), to remove unbound TNS. At this cemtration we expected TNS to bind most
hydrophobic patches wA-crystallin and block the chaperone function. Asoatrol, we
subjected nativeA-crystallin to similar conditions. As expectethaperone function was
drastically reduced after TNS binding (Fig. 7A)pArtion of both the nativeA-crystallin and
theaA-crystallin-TNS complex was then modified with 58 MGO and their chaperone
function was assessed. Upon modification with M@@,chaperone functions @A-crystallin
andaA-crystallin-TNS complex increased by 23% and 8&spectively. This shows that MGO

modification exposes additional hydrophobic sites.a-crystallin.
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We then assessed the capacity of MGO-modified anabdifiedoA-crystallin-TNS complexes

to refold GAHCI denatured MDH. Our results showt thaoA-crystallin-TNS complex failed to
reactivate denatured MDH, unlike the natide-crystallin (Fig. 7B). MGO modifiedA-
crystallin-TNS complex did not show refolding atyileither, suggesting that additional
hydrophobic sites exposed upon MGO modificatiomdbparticipate in the refolding of
denatured proteins. Together these data (Figsd @ pdemonstrate that the sites responsible for
chaperone function and protein refolding are timeesaand MGO modification exposes new
hydrophobic sites that interact with client proge@uring chaperone function, but these newly
exposed sites do not take part in the refoldindesfatured proteins. Past studies have shown
that surface hydrophobicity has a strong influemcehe ability ofa-crystallin to refold

denatured proteins [26, 30], and thus our conctusion line with these findings. However, our
study deviates from a previous study that estadtighat an increase in chaperone function leads
to an increase in refolding ability [31]. Howevar that study, metal ions were used to enhance

the chaperone function, not MGO, as in the presterly.

There are several possibilities as to why hydroanadone-modification enhances the chaperone
function ofaA-crystallin. First, hydroimidazolone-modificatiomparts mild changes in tertiary
structure, which results in the exposure of addéldydrophobic sites that participate in
chaperone function. Second, it could convert theedic substructure to the monomeric
substructure of the oligomer, based on a recemtiggsed concept [52]. This shift may expose
additional sites with chaperone function. Finallydroimidazolone-modification may stabilize

the oligomeric state afA-crystallin and improve chaperone function.
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Our findings from this study could have significarfor cellular homeostasis. When cells are
subjected to stress, a significant loss of enzyotigity and serious damage to other components
could occur and compromise cellular functions. Asiderable amount of energy must be spent
to repair such damage to proteins. Renaturatiatenétured proteins, assisteddsgrystallin,

could be a mechanism to thwart cellular damagetegs. Since MGO modification enhances
the chaperone function without compromising theldéhg ability of aA-crystallin, we propose

that MGO modification oflA-crystallin may be beneficial to cells experiergstress.
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TABLE 1. Identification of hydroimidazolone modified sitesin M GO-maodified aA-crystallin

Sequence Mass Mass Arginine residue| Modified sites
(obs.) (cal.) modified to observed at MGO
hydroimidazolong concentration
(LUM)
20|50/ 100 500
PRTLGPFYPSE? 1246.6428 1246.6458 R12 X| X| X | X
*’QSLFRTVLDSGISEVR>® 1859.9748 1859.9741 R54 X| X[ X
>>TVLDSGISEVRSDRDK" 1829.9102 1829.9119 R65 X| X| X | X
®*SDRDKFVIFLDVK " 1634.8682 1634.8668 R68 X| X | X
""HNERQDDHGYISR 1679.7358 1679.7400 R103 X| X | X
1“QDDHGYISREFHR' 1712.7616 1712.7655 R112 X | X
TEFHRRM 797.3950| 797.3932 R116 X
'RYRLPSNVDQSALSCSLSADGMLTFCGPK" | 3299.5462 3299.5373 R117 X | X
Y RLPSNVDQSALSCSLSADGMLTFCGPK*® | 3143.4322 3143.4362 R119 X
M QTGLDATHAERAIPVSR™ 1988.0402 1988.0439 R157 X[ X| X | X
BEAIPVSREEKPTSAPSSE” 1708.8600 1708.8631 R163 X[ X| X | X

32



TABLE 2. Quantification of hydroimidazolone (MGH1) in MGO-modified aA-crystallin

MGO added MGH1
(LM) (nmoles)/mg
protein
20 1.37
50 3.04
100 7.59
500 27.80

33



FigureLegends

Figure 1. MGO-modificationsin proteins. MGO reacts with arginine residues in proteins to
form hydroimidazolone and argpyrimidine addu€Ermation of these adducts improves the

chaperone function of humarA-crystallin.

Figure 2. Surface hydrophaobicity increasesin mildly modified aA-crystallin. Protein
concentration was 0.1 mg/ml and TNS concentratias $00 puM, in 50 mM phosphate buffer
(pH 7.4). The fluorescence spectrum of the sangil@§'C was recorded between 350-520 nm.

The excitation wavelength was 320 nm.

Figure 3. Chaperone function isincreased in mildly modified human aA-crystallin A.
Thermal aggregation of 0.25 mg/mif-crystallin at 60C. B. Thermal aggregation of 0.125
mg/ml of y-crystallin at 68C. C. Thermal aggregation of 0.25 mg/ml of MDH af60D.
Thermal aggregation of 0.25 mg/ml of LDH af60Each data point is the average of three

independent measurements.

Figure 4. The ability of aA-crystallin to refold denatured human lens proteinsis unchanged
by mild MGO moadification. B_-crystallin(A) andy-crystallin(B) (300ug protein each) were
denatured in 20 mM sodium phosphate buffer comgiB8M urea along with 6Qg of native
and MGO-modifiechA-crystallin for 5 hr at room temperature. Rapitblding was done by
diluting 50l of incubated crystallins with 95@ of 10 mM phosphate buffer (pH 7.4)

containing 100 mM NaCl. The mixture was incubatedlf hr at room temperature.
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Figure5. Inhibition of thermal inactivation of CS and assistancein refolding of chemically
denatured enzymes by M GO-modified aA-crystallin are similar to unmodified aA-

crystallin. A. CS (15 uM) was diluted 100-fold in 40 mM HEPES leufbH 7.4 (to a final

volume of 300 pl) in the presence or absence @fld@&A-crystallin (native and MGO

modified) and incubated at #3. Residual CS activity was measured as describ&tethods.

CS diluted as above and kept on ice served asotiteot Each data point is the average of three
independent measuremers MDH (1 M) was denatured in 6M GdCl for 8 h af@5

Refolding was initiated by diluting the denature®M 100-fold in a refolding buffer with or
without 30 pMoA-crystallin (native and MGO-modified) or BSA. Enmg concentration during
refolding was 10 nM. The activity of the refoldetzgme was assayed by adding 20 ul of
refolding mixture at various time intervals to 480of a refolding buffer that contained 0.1 mM
NADH and 0.4 mM oxaloacetate. The decrease in &bsoe at 340 nm with time was recorded.
MDH (1 pM) kept on ice served as the control. Edata point is the average of three
independent measuremer@s.LDH (1 pM) was denatured in 6M GdCl for 8 h af@5

Refolding was performed as described for the MDshgsbove, with the exception that 0.4 mM
of sodium pyruvate was used as the substrate analstay was performed aG7 The
concentration ofiA-crystallin (native and MGO modified) and BSA wa@ uM. LDH (1 puM)

kept on ice served as the control. Each data jmthe average of three independent

measurements.

Figure 6. aA-Crystallin-M DH complex loses the ability to refold denatured MDH. A.
Purification of aA-crystallin-M DH complex. Catalytically inactive MDH was incubated with
oA-crystallin at 56C for 1 hr. The complex was centrifuged and tharckpernatant was

chromatographed on Sephacryl S-300. Peak 1 isAherystallin-MDH complex and peak 2 is
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free aA-crystallin. MDH from Sigma (cat #M9004) had thepected molecular weight
(monomer=35 kDa), but had a minor protein at MrkB@& and that protein also bounddé.-
crystallin.B. SDS-PAGE of aA-crystallin-M DH complex. The samples were run on a 15 % gel
and stained with Bio-safe Coomassie brilliant BBu250 (Bio-Rad). Lane 1 is molecular weight
markers, lane 2 is MDH alone and lane @Ascrystallin-MDH complexC. MDH refolding

assay. The refolding assay details were similar to thasgcribed in the legend for Fig. 5. Each

data point is the average of three independent une@ents.

Figure7. A. Prior TNS binding significantly reduces the chaper one function of aA-

crystallin but subsequent MGO modification improvesthe function. The ability of thexA-
crystallin-TNS complex (unmodified and MGO modifjed chaperone CS was assayed. The
reaction conditions are similar to those describetie legend for Fig B. Prior TNS-binding
abolishesthe MDH refolding ability of MGO-modified aA-crystallin. Theassay details were
similar to those described in the legend for Fige&ch data point is the average of three

independent measurements.

Supplemental Figures

Figure S1. A. Far-UV circular dichroic spectra of mildly modified aA-crystallin. The

spectra were recorded between 250-195 nm in avitblla 1mm path length, at 26. Protein
concentration was 0.2 mg/ml in 10 mM sodium phospbaffer (pH 7.4)The mean residue
ellipticity, [f]urw Was calculated, using a value of 110, and eadttspn is the average of

three scandB. Near-UV circular dichroic spectra of mildly modified aA-crystallin. The
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spectra were recorded between 350-250 nm in avithlla 10 mm path length, at Z5 The
protein concentration was 1.0 mg/ml in 10 mM sodptmosphate buffer (pH 7.4). Each

spectrum is the average of three scans.

Figure S2. Chaper one function of mildly modified human aA-crystallin A. Chemical
aggregation of 0.32 mg/ml of insulin at 5. B. Thermal aggregation of 0.060 mg/ml of CS at

43°C.
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